Abstract: The N7 of purine nucleotides presents one of the most dominant metal ion binding sites in nucleic acids. However, the interactions between kinetically labile metal ions like Mg2+ and these nitrogen atoms are inherently difficult to observe in large RNAs. Rather than using the insensitive direct N-15 detection, here we have used (2)J-H-1,N-15]-HSQC (Heteronuclear Single Quantum Coherence) NMR experiments as a fast and efficient method to specifically observe and characterize such interactions within larger RNA constructs. Using the 27 nucleotides long branch domain of the yeast-mitochondrial group II intron ribozyme Sc.ai5 gamma as an example, we show that direct N7 coordination of a Mg2+ ion takes place in a tetraloop nucleotide. A second Mg2+ ion, located in the major groove at the catalytic branch site, coordinates mainly in an outer-sphere fashion to the highly conserved flanking GU wobble pairs but not to N7 of the sandwiched branch adenosine. (C)
The N7 of purine nucleotides presents one of the most dominant metal ion binding sites in show that direct N7 coordination takes place in a tetraloop nucleotide, whereas a Mg 2+ ions binds majorly to the flanking GU wobble pairs but not the sandwiched branch adenosine.
RNAs are inextricably linked to metal ions. Hence, all ribozymes can be considered to be obligate metallo-ribozymes depending strongly on the presence of monovalent as well as divalent metal ions. 1 In order to understand the role of M n+ ions in folding and catalysis of large RNAs like group II intron ribozymes, 2,3 the exact coordination sphere of crucial ions for these processes needs to be known. However, it is highly challenging to determine the exact coordination sphere of kinetically labile metal ions in larger RNA structures in solution state.
From NMR studies on the nucleobases it is well known that metal ion coordination to, e.g., N7
leads to a downfield shift of the adjacent H8. [4] [5] [6] In larger RNA structures, the situation is more complex, as aside from metal ion binding, also the binding mode, e.g., inner versus outer sphere, as well as small structural changes affect the proton chemical shifts. Metal ion coordination to bridging phosphate moieties has been probed by thiophosphate modification, [7] [8] [9] [10] [11] [12] but for the nucleobase residues the situation is more complicated. The N7 of purine bases is thereby of special interest as this atom constitutes a prominent coordination site for metal ions in nucleic acids. 5, 6, [13] [14] [15] The ring nitrogens of the purine bases in the hammerhead ribozyme have been coordination from other effects.
For our studies we chose a 27 nucleotide long domain 6 construct of a group II intron ribozyme derived from the mitochondrial intron Sc.ai5γ from Sacharomyces cerevisiae. Domain 6 contains the nucleophile for the first step of splicing, i.e. the 2'-OH of a conserved adenosine, of these selfsplicing ribozymes, which exhibit a pathway strongly resembling the one of the 3 spliceosomal machinery. [18] [19] [20] Like all large ribozymes investigated to date, group II introns are obligate metalloribozymes that require Mg 2+ for folding and catalysis. [21] [22] [23] [24] [25] [26] [27] A recent crystal structure of a group IIC intron from Oceanobacillus iheyensis depicts the global architecture although domain 6 is disordered in the crystal. 28 Several Mg 2+ ions were identified, two of them 4 Å apart in the catalytic core neighbouring domain 5 (D5). These findings suggest a two-metal ion mechanism, one of these ions activating the nucleophilic 2'-OH. Recent solution NMR studies have revealed four metal ions bound site specifically to D6-27, one of them being located in the major groove at the branch adenosine and the two flanking GU wobble pairs (Fig. 1) . 29, 30 However for this site, as well as for the whole group II intron architecture, the exact coordination , which is in the order of the NMR time scale. The substantial line broadening effect observed at A14N7, which is located in the tetraloop, could thus be a direct consequence of inner-sphere binding to this site. The large upfield shift of G12N7 (-1.51 ppm) corroborates Mg 2+ binding in this region. Metal ion binding to tetraloop structures is well known, 34 and is also well in line with the previously determined affinity constant log K = 2.14 ± 0.03 of Mg 2+ to this site. 30 In contrast, the absence of line broadening for all other H8-N7 resonances within D6-27
suggests that these purine N7-sites are predominantly outer-sphere coordinated by Mg 2+ . , whereas a large downfield shift of the neighbouring A20H8 is observed (Fig. 2b) . On the other hand, the resonances of the two N7 sites of the neighbouring guanosines G7 and G8, both involved in GU wobble pairs, are very strongly affected (Fig. 2c) . In fact, N7 of G8 displays the largest Δδ = -1.87 ppm of the whole D6-27 construct. These findings suggest that the Mg 2+ ion at the branch site coordinates to the two flanking GU wobble pairs, but not to the N7 position of the branch adenosine itself. This is corroborated by previous Mn 2+ line broadening experiments, where only an effect at the H8 protons of G7 and G8 has been observed. 30 The large Δδ = 0.18 ppm in the 1 H dimension of A20H8 can thus be attributed to a change in local structure of the branch site: The downfield shift indicates a reduced stacking interaction with the neighbouring nucleobases. This effect can be explained by a tightening of the branch site due to the coordination of Mg 2+ to the two GU wobble pairs, and a subsequent increased exposure of the branch adenosine to the solution.
Changes in chemical shifts upon metal ion binding within a larger nucleic acid are very difficult to interpret as they can be the results of several factors: Upon coordination of a metal ion to N7, H8 is shifted downfield due to the electron pulling effect of the coordinating metal ion. However, an accompanying structural change, e.g. increased stacking interaction leads to a simultaneous upfield shift. Here, the described extension into the 15 Netherlands). UV measurements to determine the RNA concentrations were carried out on a Varian Cary 500 Scan UV-VIS-NIR spectrophotometer using a 10 mM QS cuvette (Hellma, Müllheim, Germany). NMR spectra were recorded on a Bruker AV600 MHz spectrometer equipped with a TCI z-gradient CryoProbe or an AV700 MHz spectrometer equipped with a TXI z-gradient CryoProbe at the NMR facility of the Chemistry Department at the University of Zurich.
NMR sample preparation
D6-27 (5'-GGAGCGGGGGUGUAAACCUAUCGCUCC) was synthesized by in vitro transcription with T7 polymerase from a double stranded DNA template. 39 The reaction mixture KCl, 10 μM EDTA, pD 6.7). To measure the pD value, 0.4 log units were added to the pH meter reading. 40, 41 The RNA concentration was determined by UV-VIS spectrophotometry, using an extinction coefficient at 260 nm (ε 260 ) of 296. in 3D as the solution structure of D6-27. 29 The branch-adenosine that is stacked within the helix is highlighted in red, the flanking GU-wobble pairs in gold. All previously determined metal ion binding sites are indicated. 30 Above the solution structure, the sequence of D6-27 is given (colour code as mentioned). 
